We investigated the self-oscillating behaviors of two types of polymer chains induced by the Belousov-Zhabotinsky (BZ) reaction. One consisted of N-isopropylacrylamide (NIPAAm) and the Ru catalyst of the BZ reaction, and the other consisted of NIPAAm, the Ru catalyst, and acrylamide-2-methylpropanesulfonic acid (AMPS) with a negatively charged domain as a solubility control site. A comparison of the two types of self-oscillation systems showed that the anionic AMPS portion of the polymer chain significantly affected the self-oscillating behavior under strongly acidic condition. The periods of self-oscillation for the two types of self-oscillating polymer chains were investigated by changing the initial concentrations of the three BZ substrates and the temperature. As a result, it was demonstrated that the period of self-oscillation could be controlled by the concentration of the BZ substrates and the temperature. Furthermore, the activation energies of the two types of the self-oscillating polymer chains gave similar values as normal BZ reactions, i.e., not including the self-oscillating polymer system with a Ru moiety. In addition, it was clarified the activation energy was hardly affected by the initial concentration of the three BZ substrates.
Introduction
There have been many reports on nanodevices and molecular machines based on DNA, proteins, and polymers [1] [2] [3] [4] [5] . Moreover, molecular devices fabricated using DNA base sequences have OPEN ACCESS generated significant interest because DNA can be used for molecular programming [6] [7] [8] [9] [10] [11] . DNA base sequences can be used to design two-dimensional and three-dimensional DNA nanostructures in solution. DNA structures are designed using a rigid motif including several DNA junctions and building blocks. However, DNA nanostructures are too rigid to drive dynamically. Therefore, stimuli-responsive polymer-based materials have been investigated for the fabrication of molecular devices and molecular machines [12] [13] [14] [15] [16] . The properties and functions of stimuli-responsive polymeric materials can be altered by external stimuli. Recently, thermoresponsive poly(N-isopropylacrylamide) (PNIPAAm) has been investigated, especially for use in microfluidic devices [17, 18] . In order to drive stimuli-responsive polymer materials, external devices for controlling the external stimuli are needed.
In contrast, organic systems can generate autonomous motion without external stimuli. In order to produce autonomous molecular machines resembling living organisms, self-oscillating polymeric materials have been developed and investigated [19] [20] [21] . The energy source in these self-oscillating polymer materials is the Belousov-Zhabotinsky (BZ) reaction. The BZ reaction is a well-known oscillating reaction that is accompanied by spontaneous redox oscillations to generate a wide variety of nonlinear phenomena [22] [23] [24] [25] [26] [27] . The overall process of the BZ reaction is the oxidation of an organic substrate by an oxidizing agent in the presence of a catalyst under strongly acidic conditions. In the BZ reaction, changes in the oxidation state of ruthenium tris(2,2′-bipyridine), the metal catalyst in the BZ reaction, occur periodically. As the oxidation state of the Ru catalyst changes, the solubility of the Ru catalyst changes simultaneously. In previous studies, polymer chains covalently bonded to the Ru catalyst were synthesized to convert the chemical energy to the driving force for the polymer chain oscillations [21] . As the oxidation state of the Ru catalyst moiety changes in the BZ reaction, the solubility of the polymer chain changes concurrently. As a result, the self-oscillating polymer chains undergo aggregation and disaggregation upon self-oscillation induced by the BZ reaction under constant temperature conditions. In previous investigations, Hara et al. developed self-oscillating polymer chains with acrylamide-2-methylpropane sulfonic acid (AMPS) [28] . The AMPS-containing polymer chains could control the self-oscillation and cause the viscosity self-oscillation under the acid-free conditions [29, 30] . However, the influence of the concentrations of the three BZ substrates and the effect of temperature on the self-oscillating behavior (waveform and period) were not clarified, especially in regard to comparison with the conventional self-oscillating polymer chains (poly(NIPAAm-co-Ru(bpy) 3 ) under strongly acidic conditions. This detailed information about the self-oscillating polymer chains is significantly important in the design of novel autonomous molecular robots.
Here, we investigate the influence of the anionic domain in the polymer chain on the self-oscillating behavior by utilizing two types of polymer chains: one system consisted of NIPAAm and the BZ Ru catalyst, i.e., poly(NIPAAm-co-Ru(bpy) 3 ), and the other consisted of NIPAAm, the Ru catalyst, and negatively charged AMPS as a solubility control site, i.e., poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS). By using two types of the self-oscillating polymer chain, we studied the effect of the anionic domain on the Lower Critical Solution Temperature (LCST) and the self-oscillating behaviors under strong acidic conditions. In addition, the influences of the initial concentrations of the BZ reaction substrates and the temperature on the period of the two types of the self-oscillating polymer chains were clarified. Some results (Figures 6 and 7) were already included in a previous report [31] . However, that report was not peer reviewed and the number of pages allowed was limited. Therefore, in this paper, in order to clarify the self-oscillating behaviors of the two types of the polymer chains in greater detail, we provide more information (self-oscillating behaviors, LCST and the relationship between temperature and period) and further consideration and discussion of the data. We believe that this new data is significantly important in the design of high-performance autonomous molecular robots.
Experimental Section

Synthesis of poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS)
Poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS) (Figure 1 ) was synthesized by radical polymerization using NIPAAm, AMPS, and Ru(bpy) 3 monomers, and 2,2′ -azobisisobutyronitrile (AIBN) as an initiator, in a mixture of ethanol and water (1:1 wt/wt%), with a total monomer concentration of 20 wt% at 60 °C. The feed composition was NIPAAm:Ru(bpy) 3 :AMPS = 40:10:50 (wt%). The resulting reaction mixture was dialyzed against water for 4 d, followed by ethanol for 3 d, and then freeze-dried. 
Synthesis of poly(NIPAAm-co-Ru(bpy) 3 )
Poly(NIPAAm-co-Ru(bpy) 3 ) ( Figure 2 ) was synthesized by radical polymerization using NIPAAm and Ru(bpy) 3 monomers, and AIBN in ethanol, with a total monomer concentration of 20 wt%, at 60 °C. The feed composition was NIPAAm:Ru(bpy) 3 = 10:90 (wt%). The resulting reaction mixture was dialyzed against water for 4 d, followed by ethanol for 3 d, and then freeze-dried. 
Measurement of Lower Critical Solution Temperature (LCST)
The LCSTs of the poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS) and poly(NIPAAm-co-Ru(bpy) 3 ) solutions in the reduced and oxidized states were measured by using oxidizing and reduced agents, respectively. The 0.5 wt% polymer solutions in the reduced and oxidized states were prepared by dissolving the polymer in a 0.3 M HNO 3 aqueous solutions including the 5 mM Ce(SO 4 ) 2 or 5 mM Ce 2 (SO 4 ) 3 , respectively. The LCST measurements for the polymer solutions were conducted with a spectrophotometer (Model V-630, JASCO, Tokyo, Japan) equipped with magnetic stirrers and a thermostatic controller. The LCST measurement was carried out by using the 570 nm wavelength because of the isosbestic point for the polymer solutions in the reduced and oxidized states. The change in the transmittance (%) for the polymer solutions were measured by raising the temperature at a rate of 0.5 °C/min.
Measurement of Transmittance of Self-Oscillations
The self-oscillating polymer solutions were prepared by dissolving the polymer (0.5 wt%) in an aqueous solution containing the three BZ substrates, i.e., nitric acid (HNO 3 ), sodium bromate (NaBrO 3 ), and malonic acid (MA). The transmittance of the self-oscillations of the polymer solutions were measured at a constant temperature (18 °C) with stirring. A wavelength of 570 nm was used to detect the changes in transmittance, which are based on the autonomous aggregation-disaggregation of the polymers. This is because 570 nm is the isosbestic point of the reduced and oxidized states of the Ru(bpy) 3 moiety in the polymer chain [21, 28] . The time course of the transmittance at 570 nm was monitored using a spectrophotometer (JASCO Model V-630). Figure 3 shows the relationship between the transmittance and temperature for the poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS) and poly(NIPAAm-co-Ru(bpy) 3 ) solutions. The LCSTs of the poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS) in the reduced and oxidized states were 13.5 °C and 48 °C , respectively. In contrast, for the poly(NIPAAm-co-Ru(bpy) 3 ), the LCSTs in the reduced and oxidized states were 31.5 °C and 36 °C , respectively. The LCST of the poly(NIPAAm) solution was 31 °C [32] . Therefore, the LCST of the poly(NIPAAm-co-Ru(bpy) 3 ) in the oxidized state was slightly higher than that of poly(NIPAAm) solution. In the reduced state, the LCST was almost the same as that of the poly(NIPAAm) solution. This result demonstrated that the solubility of the Ru(bpy) 3 3+ moiety in the polymer chain was higher than that of Ru(bpy) 3
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. This difference in solubility was the origin of the optical self-oscillation of the polymer chain. In the case of the AMPS-containing polymer solution, the LCSTs in the reduced and oxidized states were significantly different from the poly(NIPAAm-coRu(bpy) 3 ) solution. In the reduced state, the LCST of the AMPS-containing polymer solution decreased 18 °C as compared to the poly(NIPAAm-co-Ru(bpy) 3 ) solution. This lower LCST was attributed to the interaction between the negatively charged AMPS domain and the reduced Ru(bpy) 3 2+ moiety. That is, the AMPS domain in the polymer chain interacted with the Ru(bpy) 3 2+ moiety among the polymer chains, and the polymer chains aggregated at low temperatures. On the other hand, in the oxidized state, the LCST increased 12 °C as compared to the poly(NIPAAm-co-Ru(bpy) 3 ) solution.
Generally, the LCST of the NIPAAm with the charged domain increased due to the increase in the hydrophilicity of the polymer chain. Therefore, the AMPS domain and Ru(bpy) 3 3+ hardly interacted as compared to the interaction with Ru(bpy) 3
, and the AMPS moiety increased the LCST for the same reason as the NIPAAM with the charged domain. The autonomous color change of the polymer solution in the reduced and oxidized states could not be detected by the transmittance of the self-oscillation because the optical measurement utilized the wavelength of 570 nm, the isosbestic point of the reduced and oxidized states of the Ru(bpy) 3 moiety in the polymer chain. In order to induce the autonomous self-oscillation of the polymer chains by the BZ reaction, the polymer solution and solutions of the three BZ substrates were mixed just before starting the transmittance measurements. Generally, as the ionic strength increases, the solubility of the charged polymer chain decreases. Here, the ionic strength of the polymer solution was high because the BZ reaction requires high concentrations of the BZ substrates. As shown in Figure 4 , at the beginning of the self-oscillation, the transmittance values in the reduced state were low, that is, the baseline of the self-oscillation consisted of a low transmittance value. The transmittance value is determined by the size of the polymer aggregation. Therefore, the size of the polymer aggregate in the reduced state increased as a result of the decrease in the solubility due to the high ionic strength of the solution. 
During the self-oscillation, when the Ru(bpy) 3 moiety in the polymer chain changed from the reduced state to the oxidized state, the transmittance value rapidly increased because the solubility of the polymer chain increased as shown in Figure 3A . This result demonstrated that the large amount of aggregated polymers in the reduced state disaggregated the small amount of aggregated polymers in the oxidized state, due to the change in the hydrophilicity of the polymer chain induced by the BZ reaction. Moreover, as the self-oscillation advanced, the amplitude of the self-oscillation decreased with time, i.e., the self-oscillation exhibited damping. The mechanism of the damping can be explained as follows: In the BZ reaction, the time in the reduced state is much longer than that in the oxidized state. Therefore, the low solubility of the polymer chain in the reduced state determined the polymer aggregation state in the self-oscillating behavior. As the aggregation-disaggregation self-oscillation repeated, the size of the polymer aggregate in the reduced state increased because of the hydrophobicity of the polymer chain. Therefore, once the attenuation of the transmittance of the self-oscillation begins, the amplitude of the self-oscillation never recovered because the polymer aggregation state is thermodynamically more stable in the polymer solution. Finally, the self-oscillation completely terminated.
In addition, as shown in Figure 4A ,B, the baseline of the self-oscillation increased, and gradually decreased. The polymer solution and solutions of the three BZ substrates (HNO 3 , MA, and NaBrO 3 ) were mixed immediately before the measurement. In Figure 4A ,B, when the ionic strength rapidly increased, the polymer chain formed excessively large polymer aggregates. This phenomenon can be observed in many types of polymer chains. Therefore, the excessively large polymer aggregates disaggregated with time, and the baseline of the self-oscillation increased gradually. Subsequently, the disaggregated polymer chain in the reduced state re-aggregated because of the strong hydrophobicity of the polymer chain with the reduced Ru(bpy) 3 . That is, in the beginning of the self-oscillation in Figure 4A ,B, the low baseline was due to the ionic strength of the solution, and subsequently, the decreasing baseline was attributed to the aggregation of the polymer chain with the reduced Ru(bpy) 3 moiety. In Figure 4C ,D, the baseline of the self-oscillation was significantly small from the beginning of the self-oscillation due to the high ionic strength, and the aggregation of the polymer chains. The polymer chains were highly aggregated so the baseline did not increase.
Furthermore, the lifetime of the self-oscillation decreased with an increase in the concentration of the sodium bromate. In the case of [NaBrO 3 ] = 0.2 and 0.3 M, the self-oscillation time was more than 20,000 s. In contrast, when [NaBrO 3 ] = 0.6 and 0.7 M, the life time of the self-oscillation was about 8,000 s. As the concentration of NaBrO 3 increased, the ionic strength of the polymer solution increased. Therefore, with a high concentration of NaBrO 3 and a shorter amount of time, the large polymer aggregates hardly dissociated even in the oxidized state. Therefore, the self-oscillation stopped a shorter amount of times as compared to experiment utilizing a low concentration of NaBrO 3 .
As for the poly(NIPAAm-co-Ru(bpy) 3 ) solution, when [NaBrO 3 ] = 0.3 M (Figure 5A ), at the beginning of self-oscillation (about 0-5,000 s), the base line of the self-oscillation was significantly higher than that of the AMPS-containing polymer solutions. This result demonstrated that the effect of ionic strength for poly(NIPAAm-co-Ru(bpy) 3 ) was smaller than that for the poly(NIPAAm-coRu(bpy) 3 -co-AMPS) because the AMPS-containing polymer chain has negatively charged AMPS moieties (40 mol%). In contrast, when [NaBrO 3 ] = 0.7 M (Figure 5B ), the beginning of the self-oscillating behavior (about 0-3,000 s) resembled that of poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS) (see Figure 4) . This result demonstrated that the high ionic strength caused the aggregation of poly(NIPAAm-co-Ru(bpy) 3 ) in the beginning of the self-oscillation.
As shown in Figure 5A , when the self-oscillation was repeated, the base line of the self-oscillation gradually decreased because the size of the polymer aggregate in the reduced state increased with time. After decreasing the baseline, the transmittance value of poly(NIPAAm-co-Ru(bpy) 3 ) increased again. In a previous study, this behavior was observed using self-oscillating polymer chains with positively charged methacrylamidopropyltrimethylammonium chloride (MAPTAC) [33] . In the transmittance of the self-oscillation of the MAPTAC-containing polymer solution, the initially decreased transmittance value increases again. This phenomenon originates in the autonomous dissociation of the large polymer aggregates as a result of the electrostatic repulsive force of the MAPTAC component. In the case of the poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS) solution, once the transmittance of the self-oscillation began to attenuate, the decreased amplitude never recovers. The AMPS-containing polymer chain had both anionic and cationic moieties. Therefore, the inter-and intra-electrostatic interactions among the polymer chains led to the polymer aggregation, and the large polymer aggregates never disaggregated during the self-oscillation. In contrast, the MAPTAC-containing polymer chain only had a cationic moiety. This difference in the charged state of the polymer chain is attributed to the differences in the self-oscillating behaviors of the polymers. The poly(NIPAAm-co-Ru(bpy) 3 ) only had a positive charge. Therefore, the repulsive force of the positively charged moiety encouraged the disaggregation. As shown in Figure 5A , the baseline of the self-oscillation increased again after about 15,000 s due to the dissociation of the polymer aggregates in the reduced state. In the case of Figure 5B , after about 3,000 s, the baseline of the self-oscillation increased due to the dissociation of the polymer aggregates. In addition, the lifetime of the self-oscillation for the poly(NIPAAm-co-Ru(bpy) 3 ) solution decreased with an increase in the concentration of NaBrO 3 . The ionic strength of the solutions had a significantly effect on the solubility of the polymer chain. The transmittance value of the baseline for poly(NIPAAm-co-Ru(bpy) 3 ) was different when [NaBrO 3 ] = 0.3M and [NaBrO 3 ] = 0.7 M in the same fashion with the results obtained with the AMPS-containing polymer solution. Therefore, the lifetime of the poly(NIPAAm-co-Ru(bpy) 3 ) solution was affected by the concentration of NaBrO 3 in the same manner as poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS).
Figures 6 and 7 show logarithmic plots of the period against the initial concentration of one substrate, with fixed concentrations of the other two BZ substrates at a constant temperature (T = 18 °C). As shown in Figures 6 and 7 , all the logarithmic plots exhibited good linear relationships. The period, T (s), of the self-oscillation can be expressed as a [substrate] b , where a and b are experimental constants and the brackets denote initial concentration. When the concentrations of NaBrO 3 and MA were altered, the b values were almost the same as compared to the two types of the polymer chains. In contrast, as shown in Figures 6C and 7C , the b value of poly(NIPAAm-co-Ru(bpy) 3 ) was smaller than that of poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS). This result indicated that the concentration of H + could increase the period of the optical self-oscillation for the poly(NIPAAm-co-Ru(bpy) 3 ) as compared to the poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS). We considered that this effect was related to the strongly acidic AMPS domain in the self-oscillating polymer chain. In addition, as shown in Figures 6C and 7C , the periods have different characteristics as compared with those of the conventional poly(NIPAAm-co-Ru(bpy) 3 ) gels [34] . In the case of a poly[NIPAAm-co-Ru(bpy) 3 ] gel, the period increases with increasing HNO 3 concentration. In general, the self-oscillation period decreases with increased initial concentrations of the BZ substrates because of the increase in the collision frequency among the BZ substrates. Under these experimental conditions, therefore, as the initial concentration of nitric acid increased, the periods of the two types of polymer chains decreased. Figures 8 and 9 show the Arrhenius dependence on the temperature at a fixed concentration of the other two BZ substrates. The measurements of the poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS) and poly(NIPAAm-co-Ru(bpy) 3 ) were conducted in the temperature ranges of 18-48 °C and 18-30 °C , respectively. In the case of the poly(NIPAAm-co-Ru(bpy) 3 ), the self-oscillating behavior could not be measured at 36 °C above. This is because the LCST in the oxidized state was 36 °C . Therefore, above 36 °C the poly(NIPAAm-co-Ru(bpy) 3 ) aggregated in the reduced and oxidized state, and the self-oscillation did not occur. As shown in Figures 8 and 9 , all plots have a linear relationship, that is, the effect of the temperature on the period followed the same trend. In addition, it was clarified that the activation energies of the self-oscillation was hardly affected by the initial concentration of the three BZ substrates as shown in Figures 8D and 9D . Moreover, activation energies of the two self-oscillating polymer chains were almost the same value as the normal BZ reaction, i.e., not including the self-oscillating polymer system with the Ru moiety [35] . These results suggested that the polymer chain covalently bonded to the Ru(bpy) 3 did not inhibit the reaction when poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS) and poly(NIPAAm-co-Ru(bpy) 3 ) were utilized. 
Conclusions
In this study, we investigated the self-oscillating behaviors of two types of polymer chains. The LCSTs of the two types of the self-oscillating polymer chains were significantly different owing to the effect of the negatively charged AMPS domain. This significant difference in solubility could be attributed to the different behavior in the self-oscillation. It was demonstrated that the self-oscillating behavior (waveform and life time) was significantly affected by the ionic strength of the polymer solution. In addition, it was clarified that the period of the self-oscillation could be controlled by the initial concentration of the three BZ substrates and the temperature. Moreover, it was demonstrated that the activation energies of the self-oscillation was hardly affected by the initial concentration of the three BZ substrates. The activation energies of the two types of the polymer chains were almost the same as the normal BZ reaction, i.e., not including the self-oscillating polymer system with the Ru moiety. These results clarified that the polymer chain covalently bonded to Ru(bpy) 3 does not inhibit the reaction when poly(NIPAAm-co-Ru(bpy) 3 -co-AMPS) and poly(NIPAAm-co-Ru(bpy) 3 ) are utilized.
